This paper reports on a tunable bandstop filter (BSF) with both flexible center frequency and bandwidth. The tunable BSF is based on half-mode substrate integrated waveguide (HMSIW), of which the broadside is coupled with reconfigurable resonators. Using liquid crystal (LC) material as the substrate, a tunable stopband could be obtained by adjusting the bias voltage of the interdigitated microstrip resonator on LC. In order to increase the tunable range of stopband bandwidth, two additional open resonators are implemented at the broadside of HMSIW cavity. For practical validation, the bandstop HMSIW filter using LC is designed and fabricated. Numerical results demonstrate that,by adjusting the voltages of three resonators on LC, either the lower or the higher cutoff frequency could be controlled independently, leading to the flexible and independent tuning ranges of both center frequency from 4.9 to 5.4 GHz and 3-dB bandwidth of stopband from 1.2 to 1.8 GHz (@5.1 GHz).
I. INTRODUCTION
Microwave filters play an important role in RF front-ends for modern remote sensing and wireless communication systems. Various tunable filters have been studied, such as tunable low-pass filters (LPF) [1] , [2] , high-pass filter [3] , bandpass filter (BPF) [4] , and bandstop filter (BSF) [5] . In particular, tunable BSFs are performed to eliminate the signals at a controllable frequency band, and can be regarded as one of the essential components in specific practical scenarios.
In the past few years, tunable BSFs with different switching elements have been concerned, such as the ones with PIN The associate editor coordinating the review of this manuscript and approving it for publication was Andrei Muller . diodes [6] , [7] , micro-electromechanical system (MEMS) devices [8] , [9] , varactor diodes [10] - [13] , complementary metal oxide semiconductors (CMOS) [14] , etc. To enable a flexible stop center frequency, various BSFs were developed by adding microstrip resonators loaded with silicon varactor diodes [15] - [17] . In [18] , a dual-BSF was proposed with the advantages of compact structure and low cost by using a ridged SIW resonator. Additionally, half-mode substrate integrated waveguide (HMSIW) technology was considered [19] . Comparatively, HMSIW can reduce 50% size while preserving performance, and was applied to the design of BSF [20] . Unfortunately, the aforementioned BSFs can only control either the center frequency or the bandwidth of stopband in a limited tunable range. As an alternative, authors in [21] employed series silicon varactor diodes to control both center frequency and the bandwidth. In [22] , MEMS was applied to further increase discrete variable fractional bands. Although the above designs could adjust both stop center frequency and bandwidth simultaneously, it is still challenging to enable an independent lower or higher cutoff frequency of stopband, especially at high frequencies (≥ 4 GHz).
Liquid crystal (LC) is a kind of matter which has properties between those of conventional liquids and those of solid crystals. As the pioneer researches, LC-based notch filters with tunable frequencies were reported by [23] and [24] . Since then, it was demonstrated by [25] that LC has the potential for designing microwave devices at high frequency owing to its merits of low dielectric loss and variable permittivity controlled by an electrical or magnetic bias field. In [26] , a microwave phase shifter based on anisotropic LC was presented. To the latest contributions, tunable BPFs using LC were developed in [27] , [28] .
Motivated by the above LC-aided designes, this paper develops a reconfigurable BSF using LC, aiming to achieve flexible tuning ranges of center frequency and bandwidth of stopband at high frequency. The proposed BSF is based on a HMSIW cavity coupled with reconfigurable resonators at the broadside. Moreover, LC material, located within a rectangular groove corroded on the substrate, is used as the switch element to achieve the tunability of center frequency and bandwidth of stopband. By properly adjusting the bias voltage of LC from 3 V to 30 V, 1 the proposed BSF can benefit from the variation of the permittivity of LC, and thus, can independently control either the lower or the higher cutoff frequency, respectively. Numerical results demonstrate that the fabricated BSF can operate over flexible tuning ranges of both center frequency and 3-dB bandwidth of stopband from 4.9 to 5.4 GHz and 1.2 to 1.8 GHz, respectively.
II. PROPOSED FILTER DESIGN AND PERFORMANCE ANALYSIS A. ANALYSIS OF HMSIW BSF
A typical HMSIW cavity with a broadside-coupled interdigitated microstrip is designed as a BSF. As shown in Fig. 1 (a) , a microstrip to HMSIW transition is implemented in both ports of the HMSIW cavity to carry out measurements. This transition consists of a tapering microstrip section of length L 1 with two different widths (W 1 and W 2 ) and impedance Z t . It connects the I/O port of impedance Z 0 with the HMSIW section of length b and impedance Z h , and allows to transform the quasi-TEM mode of the microstrip line into the TE 10 mode of the HMSIW. Each loaded HMSIW section has a length L 2 = b/2, and the stub in the interdigitated microstrip structure is connected to the middle of the broadside of the HMSIW cavity. 1 In this process, tuning speed of LC, in addition to the delay due to the reaction time of power supply, is dominated by the response of LC, which is of an linearly quadratic order to the thickness of LC layer [29] . Like [20] , Fig. 1 (b) presents the RLC equivalent circuit of the HMSIW BSF. Without loss of generality, the resonant frequency f 0 generated by the interdigitated circuit can by defined as
where L 0 and C 0 represent the equivalent capacitance and inductance of microstrip, respectively. Simplifying some intermediate derivations as in [20] , the 3-dB bandwidth of stopband, f 0 , has the form
From [30] , the capacitance C and the inductance L per unit length of microstrip are respectively given by
and
where c is the velocity of light, and ε r denotes the permittivity of the substrate of microstrip. Suppose L eff as the effective length of microstrip structure, and recall (3) -(4), the center frequency and the bandwidth of BSF in (1) and (2) can be respectively given by
Fig. 2 plots the S-parameters of the HMSIW BSF. Clearly, the stopband generated by RLC resonance is fixed. Recall (5) and (6) that f 0 and f 0 depend on the permittivities of the substrate of microstrip. It is thereby expected that a tunable BSF performance could be obtained by using a specific material of a variable permittivity. 
B. LIQUID CRYSTAL
To enable a tunable performance of BSF, LC materials of dynamic permitivities are employed in this design. In Fig. 3 , the dynamic characteristics on the permittivity of LC w.r.t. the loaded bias voltage are examined. In principle, the forms of LC molecules are mainly in a rod-like shape. The shape anisotropy results in different physical phenomena such as the liquid crystal middle-phase, anisotropies in the reflective index, in the magnetic susceptibility and in the dielectric properties. Therefore, an external bias field of either electric or magnetic can reorient the directions of LC molecules, and in turn, leading to a variable permittivity of LC. For practical design, an electrode network can be applied to continuously adjust the DC bias field from parallel to orthogonal w.r.t. the RF field. As shown in Fig. 3 (a), LC is located between metal layer and metal ground with alignment layer. When the bias voltage V = 0 V, the orientations of LC molecules are in the same order and are parallel to x-axis in the xoz-plane. In this case, LC materials have a measured permittivity, defined as ε . By analog, when a bias voltage V ranging from V th to V max is loaded between the metal layer and the metal ground, where V th and V max are the threshold voltage and the maximum withstand voltage, respectively, an external magnetic field exists and can steer the orientation of the LC molecules, as shown in Fig. 3 (b) . As the value of bias voltage V grows to V max , the LC molecules reorient from the parallel direction to the vertical direction w.r.t. x-axis, and thus, the measured permittivity of LC varies from ε to ε ⊥ in Fig.3 (c). Fig.3 (d) plots a snapshot on the orientation of the LC molecules, and − → n is the director of LC molecule. And the permittivity of LC can be given by [25] 
where θ is the average rotation angle of LC molecules with a specific bias voltage, and ε is the permittivity anisotropy, which equals to the difference between ε and ε ⊥ . The entries of the matrix in (7) are the permittivity in Cartesian coordinate system, and thus the relative permittivity ε eff of LC can be approximated by
According to [25] , the trends between the relative permittivity of LC ε eff and the value of bias voltage V are demonstrated in Fig.3 (e) . It is obvious that ε eff grows from ε to ε ⊥ in an exponential order when V increases, while the dielectric loss tanδ eff decreases from tanδ ⊥ to tanδ simultaneously. It is therefore concluded that both ε eff and tanδ eff are sensitive to the variations of bias voltage, and thus, the proposed BSF with LC can yield a tunable performance by adjusting the bias voltage of LC. depth 500 µm, 2 is close to the broadside of HMSIW cavity, and etched from the Rogers 4003 substrate to place the LC material. After the injection of LC, an inverted microstrip circuit board with FR4 material is placed on the rectangle groove. The microstrip structure of an interdigitated shape is located at the bottom of the board, and the middle microstrip line is connected to the broad side of HMSIW cavity. The so-designed structure of microstrip lines is able to load bias voltage on LC while avoiding the risk of short circuit due to the metallic vias of HMSIW. To be specific, a bias voltage loaded through the metallic vias on the outer microstrip lines yields a bias field between the HMSIW cavity and the metal ground.
C. TUNABLE HMSIW BSF WITH A BROADSIDE-COUPLED RESONATOR USING LC
To verify the tunable performance of the HMSIW BSF with LC, Fig. 6 (a) and Fig. 6 (b) show the simulated results of the tunable center frequency and bandwidth in terms of S 11 and S 21 , respectively, where the LC material used in this design is GT3-23001 (ε ⊥ = 2.4, ε = 3.3, tanδ ⊥ = 0.007 and tanδ = 0.0022). 3 In simulations, a range of permittivity of LC from 2.4 to 3.3 is assumed to evaluate the performance of the filter. As the values of the permittivity of LC ε eff grows larger, a tunable range of 0.45 GHz (from 5.2 GHz to 4.75 GHz) w.r.t. the center frequency of stopband f 0 can be obtained, which corresponds to approximately 9% tuning range. However, the tunable range of 3-dB bandwidth of stopband f 0 is insufficient, i.e., as f 0 decreases, the tuning range of f 0 is stable, which is mainly due to the limited filtering performance.
D. 3RD ORDER TUNABLE HMSIW BSF WITH THREE BROADSIDE-COUPLED RESONATORS USING LC
In order to improve the tunability of the stopband, two more open resonators are applied at both sides of the interdigitated microstrip to enable performance of a 3rd order filter. Undoubtedly, with three resonators, the bandstop filtering performance can be improved in comparison with that of the 1st order filter in subsection II-C. The detailed structure of the proposed 3rd order BSF and the corresponding configurations of layers with a LC container are shown in Fig. 7 and Fig. 8 , respectively. It is seen that the additional two open resonators on both sides are of the identical shape and size as that of the inner microstrip. The spacing between the two outer microstrips and the inner one is d 1 . Based on numerical simulations, when d 1 is larger than a specific threshold, i.e. d 1 ≥ 2.5 mm, the coupling between the open resonators and the interdigitated circuit is significantly VOLUME 7, 2019 reduced and can be reasonably ignored. In addition, a gap d 2 = 0.2 mm between the two stubs and the broad side of the HMSIW cavity is considered to enable electromagnetic coupling as well as to inhibit the DC. Theoretically, the two open resonators can generate an additional stop resonant frequency f 2 , which is higher than that of the interdigitated microstrip f 1 . By (5) and (6), both f 1 and f 2 can be adjusted by loading different values of bias voltages on the interdigitated microstrip V 1 and the open resonators on both sides V 2 , respectively. By loading a specific pair of bias voltages V 1 , V 2 to enable f 1 ≈ f 2 , the two resonant frequencies are overlapped with each other, leading to a wider stopband. In addition, three bias voltages with the metal ground plane of the BSF as the reference ground are loaded on the three resonators to provide tunable E-fields. Therefore, the proposed design using three resonators can enable a performance of 3rd order filter, and has the potential of improving the tunable ranges of both center frequency f 0 and bandwidth of stopband f 0 . Fig. 9 demonstrates the filtering performance of the proposed BSF in terms of S-parameters. In this case, typical values of the permittivities ε eff 1 and ε eff 2 generated by V 1 and V 2 are considered. Fig. 9 (a) and Fig. 9 (b) plot the S 11 and S 21 of the 3rd order BSF with a varying ε eff 1 = {2.4, 2.7, 3.0, 3.3} but a fixed value of ε eff 2 = 2.4, which corresponds to the practical set-up of changing the bias voltage V 1 while keeping V 2 fixed. In addition, Fig. 9 (c) and Fig. 9 (d) further evaluate the S-parameters when ε eff 2 = 3.3. Clearly, as the value of permittivity ε eff 1 grows larger, the resonant frequency f 1 is reduced, and in turn, the lower cutoff frequency f L can be reduced. As expected, f H and f 2 remain unchanged since ε eff 2 is fixed. be observed, f 2 increases when ε eff 2 grows larger, i.e., from 2.4 to 3.3, while f 1 is approximately invariant. In particular, the closer the frequencies of stopband f 1 and f 2 are, the wider the stopband bandwidth can be obtained. The diagrammatic sketch of how two bandstop frequencies (i.e., f 1 and f 2 ) are merged together to enable a wide bandwidth of stopband is demonstrated by Fig. 11 . The above results demonstrate that the designed BSF can benefit from the independent adjustment of either the higher or lower cutoff frequency, thereby enable flexible tunabilities of both center frequency and bandwidth.
III. FABRICATION AND MEASUREMENT
The photography of the fabricated BSF in Section II-D is shown in Fig. 12 . The main body of the filter is designed VOLUME 7, 2019 as a HMSIW cavity with two tapering microstrips. At the broadside of the HMSIW, the designed LC container includes two parts (see Fig. 8 ). The lower part of the container is composed of a rectangle groove milled out of Rogers 4003 (where the LC material is housed), and a ground plane at the bottom. The upper side of the ground plane in physical contact with GT3-23001 is beforehand covered with Polyvinyl Alcohol (PVA) and brushed with abrasive material to initialize the orientation of LC molecules, and thus, increase dielectric anisotropy. In fabrication, the corroded groove, prior to the injection of LC, is coated with a film. Therefore, the averaged thickness of LC layer in practice may less than 200 µm. The upper part of the LC container is fabricated by FR4, and comprises additional microstrips, metallic vias and holes. Three resonators are patched on the bottom of FR4 substrate, and connected to the top of substrate through three metallic vias. Two holes, for LC injection, are drilled in FR4 substrate on top of the LC container. The upper part and lower part of LC container are precisely glued with a dielectric termed ink in order to guarantee the electrical response of the filter. With the fabricated LC container, an external electric field can be loaded to adjust the permittivity of LC after LC injection.
An Agilent 5247A network analyzer is selected to conduct the measurement. Fig. 13 shows the measured S-parameters for the tunable BSF with LC. The results are consistent with that presented in Fig. 9 and Fig. 10 . When the DC bias voltage V 1 increases from 3 V to 30 V and V 2 ≤ 3 V, only the LC under the interdigitated microstrip is the ''on state'', leading to an independently reduced lower cutoff frequency f L from 4.5 GHz to 4.0 GHz (with f H unchanged). In this case, the tunable center frequency f 0 can be reduced independently from the increased bandwidth of stopband f 0 , as shown in Fig. 13 (a)-(b) . Fig. 13 (c)-(d) show that for the case V 1 ≤ 3 V with an increasing V 2 from 3 V to 30 V, the permittivity of LC under the open stubs at both sides of integrated microstrip grows. Correspondingly, the higher cutoff frequency f H can decrease independently of f L from 5.8 GHz to 5.3 GHz. From the results shown in Fig. 13 , it is clear that by adjusting different values of V 1 and V 2 , the maximum tuning range of f 0 from 1. The frequency evolution of group delay (GD) for several values of bias voltages is shown in Fig. 15 . In Fig. 15 (a) , it can be observed that a frequency-shifted positive GD 4 and a fixed negative group delay (NGD) are obtained when adjusting the value of V 1 separately. In Fig. 15 (b) , by adjusting V 2 independently, f 0 is tuned from 4.9 to 5.4 GHz, and the regions of NGD and positive DG are accordingly shifted. This shift of the GD consists of two processes: rising from -2.8 ns at 4.9 GHz to 0 ns at 5GHz, 5 then declining to -3.9 ns at 5.4 GHz. This is a consequence of the nonconstant rejection level at f 0 generated by the three tunable resonators of the proposed BSF.
Finally, performance comparisons of the proposed tunable HMSIW BSF with other reported ones are summarized in Table 2 . It is clear that the designed HMSIW BSF with broadside coupled tunable resonators is able to independently control the low and high cutoff frequencies f L and f H simultaneously, and thus, can provide more flexible tunabilities of f 0 and f 0 , i.e., a tunable center frequency with stable impedance bandwidth and a tunable bandwidth of a fixed frequency, in comparison with the conventional designs.
IV. CONCLUSION
In this paper, a tunable bandstop HMSIW Filter with flexible center frequency and bandwidth is developed. To enable a flexible wide stopband at high frequency, LC material with reconfigurable permittivity is used as the substrate of the broadside-coupled resonators beside HMSIW cavity. With properly loaded bias voltage, the permittivities of LC on different resonators change independently, leading to a sufficient 3-dB stopband bandwidth (1. 
